Introduction {#sec1}
============

Femoroacetabular impingement syndrome (FAIS) was recently defined as a movement-related clinical hip disorder that represents the symptomatic contact between the proximal femur and acetabulum during hip motion. Specifically, FAIS occurs when deformities on the proximal femur and acetabulum dynamically collide with each other, leading to chondrolabral injury and the beginning of a degenerative process that is thought to be a precursor of developing early hip osteoarthritis.[@bib1], [@bib2], [@bib3] Diagnostic imaging parameters, such as the alpha angle in the anteroposterior and the Dunn lateral views on plain x-rays, can visualize pathologic shape changes at the head-neck junction in many, but not all, hips with FAIS.[@bib4], [@bib5], [@bib6] Characterizing the 3-dimensional (3D) pathomorphology of FAIS is difficult because it is often hard to delineate varying morphologic differences on standard 2-D radiography. Pathologic cam-type lesions in atypical positions along the head-neck junction may be missed initially, leading to the involvement of multiple providers and diagnostic treatments of common extra-articular sources of pain.[@bib7]

Statistical shape modeling (SSM) is a powerful tool that has been used for various medical applications to study 3D anatomy and anatomic variations.[@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14] In standard SSM, a shape model algorithm is used to match corresponding anatomic landmarks such as the greater trochanter between subjects to analyze the inherent differences in the remaining shapes. From these data, the distribution of 3D shapes can be calculated, and the variations in each surface landmark within the population can be demonstrated.[@bib10] In orthopedics, SSM has been used to better understand pathoanatomy and create de novo 3D renderings for reconstructing the mandible, spine, wrist, forearm, knee, and shoulder.[@bib8], [@bib9], [@bib10]^,^[@bib12]^,^[@bib13]^,^[@bib15], [@bib16], [@bib17] With respect to the proximal femur, SSM has been used to characterize changes seen with slipped capital femoral epiphysis and Legg-Calve-Perthes disease as well as to characterize hip fracture risk in the elderly.[@bib9]^,^[@bib13] The utility of SSM has also been applied to cam lesions and to normal and pathologic hips.[@bib7] However, this modeling has not been used to compare morphologic differences between the symptomatic and the normal hip in patients with unilateral FAIS.

The use of plain radiographs to evaluate a painful hip for FAIS is the current standard of care, even though 3D pathomorphology of hips with FAIS may be oversimplified or may go unrecognized with 2D imaging modalities. SSM may be used to analyze the morphology of the proximal femur using shape information from 3D axial imaging modalities such as MRI and CT. As such, the purpose of the present study was to determine whether SSM can detect subtle morphologic differences in the shape of the proximal femur that correlate with clinical findings of unilateral FAIS. We hypothesized that hips with FAIS would have a shape significantly different from that of hips without clinically apparent impingement.

Methods {#sec2}
=======

Study Population {#sec2.1}
----------------

After receiving approval from the local institutional review board, CT scans of the hips of patients undergoing hip arthroscopy for treatment of FAIS by a single, fellowship-trained orthopaedic surgeon were obtained from our institutional database. Inclusion criteria were patients who had clinical diagnoses of unilateral FAIS as previously described[@bib18] and who had already had CT scans of their pelvises so as to limit additional radiation exposure. Patients with bilateral FAIS and those with only unilateral hip CTs were excluded from the study. Our diagnostic criteria for a cam lesion was an alpha angle of greater than 55˚ on either anteroposterior or Dunn lateral views of the hip, as previously stated in the literature.[@bib18] All patient data were deidentified. The same CT scan protocol had been used for all patients (iliac crest to just below the knee, 3.75 mm axial slice thickness). Patients' scans selected did not include any signs of current or previous fractures, arthritis, bone cysts, or tumors.

Study Design {#sec2.2}
------------

The present retrospective, CT-based image-processing study was designed to investigate the anatomic variance of the proximal femur. First, 3D shape models were generated in the form of triange meshes from the CT images*.* Then, 2 steps were conducted for the analysis: 1) training set data preparation; and 2) correspondence optimization and statistical analysis.

3D Shape Model Generation and Analysis {#sec2.3}
--------------------------------------

The CT scans of the proximal femur were segmented and converted to stereolithography models using commercial segmentation software (version 16, Materialise Mimics, Leuven, Belgium). A gradient-based optimization approach was used; the statistical shape modeling was cast as a problem of seeking optimal correspondence across the set of femurs. All calculations were performed in Matlab R2013a (The MathWorks, Natick, MA, U.S.A), and custom-written Matlab routines were used to produce the SSM. To prepare the training set required for the correspondence optimization algorithm used in this work, the triangle meshes underwent raw data denoising, mesh smoothing and decimation, feature identification ([Fig 1](#fig1){ref-type="fig"}), orientation and mesh cutting, iterative closest point alignment ([Fig 2](#fig2){ref-type="fig"}) and, finally, B-spline fitting. Points on the femoral head fovea and lesser trochanter were merged by using a validated 3D-3D registration method (accuracy 0.1 mm in translation, 0.2˚ in rotation).[@bib19]Fig 1Landmark identification. Statistical shape modeling relies on matching common points to overlay multiple 3D meshes for the identification and quantification of 3D differences. Our study selected the femoral head fovea (1) and lesser trochanter (2) as anatomic landmarks for further processing, as shown in this right-sided femur.Fig 2Iterative closest point alignment. Statistical shape modeling is able to overlay accurately 3D meshes from different samples in order to detect even subtle shape differences. Mesh alignment before (left) and after (right) application of the iterative closest point algorithm are shown in this right-sided femur.

Results {#sec3}
=======

Of 39 patients with bilateral hip CTs, 17 patients had unilateral FAIS and were included in the final analysis. Of 34 total hips, 17 were symptomatic, and 16 were asymptomatic. One of the control hips was symptomatic due to a mixed or unclear diagnosis and was excluded from the analysis. Of the 17 patients included, 7 (41.1%) were male. They ranged in age from 17-60 and were, on average, 36.3 ± 11.0 years old (95% CI 31.0-41.5). The statistical shape modeling found mean shapes and modes after optimizing the groupwise correspondence. The color fields in [Fig 3](#fig3){ref-type="fig"} represent the differences in shape from the mean shape, with darker colors corresponding to greater prominence. Comparing the symptomatic group shown in [Fig 3](#fig3){ref-type="fig"}B to the asymptomatic group in [Fig 3](#fig3){ref-type="fig"}A, a thickening of the femoral neck measuring 1 mm larger than the mean asymptomatic femoral neck can be seen.Fig 3Three-dimensional heat map. In the 4 images corresponding to a right-sided femur, differences in shape are displayed, with orange being no different and separate colors representing more or less prominence. The average shape of asymptomatic femurs (A) shows that the head-neck junction is relatively consistent among samples. Comparing the shape of symptomatic to asymptomatic femurs (B) shows that the anterosuperior portion of the head-neck junction tends to be more prominent in symptomatic hips, consistent with the most common location of a cam lesion.

Discussion {#sec4}
==========

The main finding of the study was that the statistical shape analysis was able to detect a thickening pattern on the femur neck, consistent with the cam deformity, and to show that this deformity is more pronounced in hips that go on to develop FAIS. This work has demonstrated the applicability of SSMs to aid in diagnostic imaging and characterization of a cam deformity. In addition to demonstrating characteristics of FAIS in symptomatic hips, this work also contributes a methodology for establishing baseline normal models of non-FAIS femoral geometry.

In this study, we found that symptomatic cam deformities were an average of 1 mm more prominent in the femoral neck region as compared to the asymptomatic hip. Overall, the difference between hips with cam impingement and asymptomatic hips was not as large as the 2.5-3.0 mm cited by Harris et al.[@bib7] This could be accounted for by differences in the patient population seen at each individual center, as well as by differences in sample size and the fact that the present study did not include any hips of patients who were seen by a surgeon for a diagnosis other than FAIS. Additionally, there are differences in the SSM techniques used; the present study employed a correspondence-optimization technique based on smooth geometry, whereas the Harris study used an entropy-minimizing optimization technique based on discrete geometry, which may be prone to larger variances.

The present study used the opposite asymptomatic hip as the control hip; however, it is known that approximately 15%-20% of patients with FAIS have bilateral involvement,[@bib20] and it is possible that there are morphologic features typical of cam impingement on the asymptomatic side in some patients. Even so, we were able to detect a 1 mm difference in the thickness of the femoral neck between the asymptomatic and symptomatic hips; this difference might be magnified if patients with subtle FAIS on the asymptomatic side were somehow excluded from the analysis. Because cam pathology is often bilateral, we suspect that if we compared the symptomatic hips in this study to matched hips in control patients without FAIS in either hip, the difference in femoral neck thickness would be greater, and that guiding surgical resection would be more useful with this technique.

Limitations {#sec4.1}
-----------

There are a number of limitations that need to need to be addressed. First, although combined acetabular overcoverage and cam lesion is the most common type of bony pathology associated with FAIS, the current study did not examine the acetabulum. It is possible that variation in acetabular version could influence differences in femoral morphology, even among hips with cam impingement. Second, a number of variables were not accounted for that could have affected the results, including age, gender and bony morphology. As previous studies have pointed out, there are differences in alpha angles when comparing males and females.[@bib21] Third, our study size was limited due to the number of patients with bilateral hip CTs that were required for modeling between symptomatic and nonsymptomatic hips. Fourth, as mentioned previously, this study did not compare femoral morphology with patients without FAIS due to the inherent limitation of accessing bilateral hip CTs of healthy controls. It is possible that non-FAIS patients have, on average, different femoral morphology and more significant differences as compared to patients with FAIS. Furthermore, it is also possible that some of the patients in the final analysis had bilateral cams with unilateral symptoms at the time of the study and may have progressed to presenting with contralateral symptoms at a later time.

Conclusions {#sec5}
===========

Symptomatic cam deformities were an average of 1 mm more prominent in the femoral neck region than in the asymptomatic hips when using SSM. The present study provides a proof of concept that SSM can be used to examine and help to define cam morphology and that subtle morphologic differences may account for developing FAIS.
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